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BRIGHTNESS COMPENSATION CIRCUITRY,
AND DISPLAY DEVICE INCLUDING THE
SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority of Tatwanese Application
No. 104141622, filed on Dec. 11, 2015.

TECHNICAL FIELD

The disclosure relates to a display device, and more
particularly to a display device having pixel driving circuits
that operate 1n subthreshold region 1n time domain, and that
has current compensation mechanism.

BACKGROUND

In a conventional AMOLED (active-matrix organic light-
emitting diode) display, pixel units thereot use TFTs (thin-
film transistors) that operate in saturation region to drive
light emission of OLEDs (organic light-emitting diodes).
Such a conventional AMOLED display may have the fol-
lowing drawbacks:

1. Currents generated by TFTs operating in the saturation
region are larger than those generated by TF'Ts operating in
subthreshold region. TFTs that operate in the saturation
region cannot meet reduced current requirements for display
panels of small size and high resolution.

2. TFTs operating in the saturation region have higher
power consumption than those operating in the subthreshold
region. The problem of high power consumption may
become more severe with development trends of high aspect
ratio (1.e., a ratio of an area occupied by the OLEDs with
respect to the entire display area of a display panel) and high
definition (i.e., number of pixel units per unit display area).

3. Due to the lack of current compensation, when thresh-
old voltage drift or degradation occurs 1n the TFTs and
OLEDs, brightness uniformity of the display panel may be
adversely aflected.

SUMMARY

Therefore, an object of the disclosure i1s to provide a
brightness compensation circuitry that may have lower
power consumption.

According to the disclosure, the brightness compensation
circuitry includes a data-setting switch unit, a pixel unit and
a compensation circuit. The data-setting switch unit has a
first terminal disposed to receive a data-setting signal, a
second terminal, and a control terminal, and 1s configured to
transmit the data-setting signal from the first terminal to the
second terminal thereof when conducting. The pixel unit has
a pixel driving circuit that 1s coupled to the second terminal
of the data-setting switch unit, and that 1s configured to
receive the data-setting signal from the second terminal of
the data-setting switch unit during a data-input period, and
to generate a driving current according to the data-setting
signal thus received. The compensation circuit 1s coupled to
the control terminal of the data-setting switch unit, 1s
coupled to the pixel unit for receiving the driving current
generated by the pixel driving circuit, and 1s configured to
control the data-setting switch unit to conduct or not conduct
by determining whether or not a magnitude of the driving
current conforms with a criterion that 1s associated with
target brightness of the pixel unait.
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Another object of the disclosure 1s to provide a display
device that may have lower power consumption.

According to the disclosure, the display device includes a
plurality of scan lines disposed along a row direction, a
plurality of data lines disposed along a column direction that
1s transverse to the row direction, and a plurality of bright-
ness compensation circuitries respectively corresponding to
the data lines. Each of the brightness compensation circuit-
ries ncludes a data-setting switch unit, a plurality of pixel
units and a compensation circuit.

The data-setting switch unit has a first terminal disposed
to rece1ve a data-setting signal, a second terminal coupled to
a corresponding one of the data lines, and a control terminal,
and 1s configured to transmit the data-setting signal from the
first terminal to the second terminal thereol when conduct-
ing. The pixel units are respectively coupled to the scan
lines. Each of the pixel units includes a pixel driving circuit
that 1s coupled to the second terminal of the data-setting
switch unit, and that 1s configured to receive the data-setting,
signal from the second terminal of the data-setting switch
unit during a data-input period 1n which a respective one of
the scan lines 1s driven and the data-setting switch unit 1s
conducting, and to generate a driving current according to
the data-setting signal thus received. The compensation
circuit 1s coupled to the control terminal of the data-setting
switch unit, 1s coupled to the pixel units for receiving the
driving current generated by the pixel driving circuit of each
of the pixel units, and 1s configured to control the data-
setting switch unit to conduct or not conduct by determining
whether or not a magnitude of the driving current thus
received conforms with a criterion that 1s associated with
target brightness of one of the pixel units of which the pixel
driving circuit generates the driving current thus recerved.

BRIEF DESCRIPTION OF THE

DRAWINGS

Other features and advantages of the disclosure waill
become apparent in the following detailed description of the
embodiment with reference to the accompanying drawings,
ol which:

FIG. 1 1s a schematic block diagram illustrating an
embodiment of a display device according to the disclosure;

FIG. 2 1s a schematic circuit diagram illustrating a first
implementation of a brightness compensation circuit of the
embodiment;

FIG. 3 1s a plot illustrating characteristic curves of P-type
LTPS (low temperature poly-silicon) TFTs;

FIG. 4 1s a timing diagram for the embodiment;

FIG. 5 1s a schematic circuit diagram 1llustrating a first
variation of a current-to-voltage converter according to this
disclosure:

FIG. 6 1s a plot illustrating a simulation result of a
variation of the embodiment, having the first variation of the
current-to-voltage converter;

FIG. 7 1s a schematic block diagram of a variation of the
embodiment, having a second variation of the current-to-
voltage converter;

FIG. 8 1s a plot illustrating a simulation result of the
variation of the embodiment having the second varniation of
the current-to-voltage converter;

FIG. 9 1s a schematic circuit diagram 1illustrating a third
variation of the current-to-voltage converter according to
this disclosure:

FIG. 10 1s a schematic block diagram of a variation of the
embodiment, having a fourth variation of the current-to-
voltage converter;
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FIG. 11 1s a plot illustrating a simulation result of the
variation of the embodiment having the fourth variation of
the current-to-voltage converter;

FIG. 12 1s a plot illustrating another simulation result of
the vanation of the embodiment having the fourth variation
of the current-to-voltage converter;

FIG. 13 1s a schematic block diagram of a varniation of the
embodiment, having a fifth variation of the current-to-
voltage converter;

FIG. 14 1s a plot illustrating a simulation result of the
variation of the embodiment having the fifth varnation of the
current-to-voltage converter;

FIG. 15 1s a schematic circuit diagram illustrating a
second implementation of the brightness compensation cir-
cuit of the embodiment;

FIG. 16 1s a schematic circuit diagram 1llustrating a first
approach to overcome an RC delay 1ssue of the embodiment;

FIG. 17 1s a schematic circuit diagram illustrating a
second approach to overcome an RC delay issue of the
embodiment; and

FIG. 18 1s a timing diagram 1llustrating operation of the
second approach.

DETAILED DESCRIPTION

As required, detailed embodiments of the present inven-
tion are disclosed herein; however, 1t 1s to be understood that
the disclosed embodiments are merely exemplary of the
invention that may be embodied 1n various and alternative
forms. The figures are not necessarily to scale; some features
may be exaggerated or minimized to show details of par-
ticular components. Therefore, specific structural and func-
tional details disclosed herein are not to be interpreted as
limiting, but merely as a representative basis for teaching
one skilled i the art to variously employ the present
invention.

Before the disclosure i1s described in greater detail, it
should be noted that where considered appropriate, refer-
ence numerals or terminal portions of reference numerals
have been repeated among the figures to indicate corre-
sponding or analogous elements, which may optionally have
similar characteristics.

Referring to FIG. 1, the embodiment of the display device
having current compensation mechanism according to this
disclosure 1s shown to include a non-conducting substrate
(not shown) that 1s made of, for example, a glass material or
a plastic material, a plurality of scan lines (SL), a plurality
of data lines (DL), a scan line driving circuit (S), a data line
driving circuit (D), and a plurality of brightness compensa-
tion circuitries 2 respectively corresponding to the data lines
(DL). The scan lines (SL) and the data lines (DL) are formed
on the non-conducting substrate. It 1s noted that, only one
data line (DL) and one brightness compensation circuitry 2
1s depicted in FIG. 1 for the sake of clarity and simplicity of
illustration.

The scan lines (SL) are parallel to each other, and are
disposed along a row direction. The data lines (DL) are
parallel to each other, and are disposed along a column
direction transverse to the row direction. The scan line
driving circuit (S) 1s coupled to the scan lines (SL), and
drives the scan lines (SL) 1n a scanning manner. The data
line driving circuit (D) 1s coupled to the data lines (DL),
generates a data-setting signal (V,,,,,,) which 1s a periodic
ramp signal in this embodiment (see FIG. 4), and generates
data voltages (V. ) which are to be respectively provided
to the brightness compensation circuitries 2.
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Further referring to FIG. 2 which 1illustrates a first imple-
mentation of the brightness compensation circuitries 2, each
of the brightness compensation circuitries 2 includes a
data-setting switch unit 6, a plurality of pixel units 3 and a
compensation circuit 4. In this embodiment, the data-setting
switch unit 6 and the pixel units 3 are formed on the
non-conducting substrate, and the compensation circuit 4 1s
integrated with the scan line driving circuit (S) and the data
line driving circuit (D) 1n a driver IC chip, but this disclosure
1s not limited thereto. It 1s noted that only one pixel unit 3
1s shown 1n FIG. 2 for the sake of simplicity. In the following
paragraphs, the description 1s given with respect to one
brightness compensation circuitry 2, if not otherwise speci-
fied.

In this embodiment, the data-setting switch umt 6 1s a
data-setting switch (M4). The data-setting switch (M4) has
a first terminal disposed to receive the data-setting signal
(Vamp)> @ second terminal coupled to a corresponding data
line (DL), and a control terminal, and 1s configured to
transmit the data-setting signal (V,,,,) from the first termi-
nal to the second terminal thereol when conducting.

The pixel units 3 are respectively coupled to the scan lines
(SL). Each of the pixel units 3 includes a pixel driving circuit
30, a compensation switch (M2) and a light emitting com-
ponent 31.

The pixel driving circuit 30 1s coupled to the second
terminal of the data-setting switch (M4), and 1s configured
to receive, from the second terminal of the data-setting
switch (M4) during a data-input period in which a respective
scan line (SL) 1s driven and the data-setting switch (M4) 1s
conducting, the data-setting signal (V,,,,, ) to serve as a data
signal, and to generate a driving current (I ;) according to the
data signal (1.e., the data-setting signal (V,,, ) thus
received). In this embodiment, the pixel driving circuit 30
includes a driving transistor (M1), a data-input switch (M3)
and a pixel capacitor (C).

The driving transistor (M1) has a first terminal disposed
to receive a bias voltage, a second terminal at which the
driving current (I ;) 1s generated, and a control terminal.

The data-input switch (M3) has a first terminal coupled to
the second terminal of the data-setting switch (M4), a second
terminal coupled to the control terminal of the drniving
transistor (M1), and a control terminal coupled to the
respective scan line (SL). When the data-setting switch (M4)
conducts and the respective scan line (SL) 1s driven to make
the data-input switch (M3) conducting (1.e., during the
data-input period), the data-setting signal (V,,, ) 1s pro-
vided to the control terminal of the driving transistor (M1)
and serves as the data signal.

The pixel capacitor (C) 1s coupled between the control
terminal and the second terminal of the driving transistor
(M1).

The compensation switch (M2) has a first terminal
coupled to the second terminal of the driving transistor
(M1), a second terminal coupled to the compensation circuit
4 for providing the driving current (I ,) thereto, and a control
terminal coupled to the respective scan line (SL).

The light emitting component 31 1s coupled to the pixel
driving circuit 30 for receiving the driving current there-
from, and 1s configured to emit light according to the driving
current thus received. In this embodiment, the light emitting
component 31 includes an OLED having an anode coupled
to the second terminal of the driving transistor (M1), and a
cathode receiving a common voltage (VCOM).

In this embodiment, each of the driving transistor (M1),
the compensation switch (M2), the data-input switch (M3),
and the data-setting switch (M4) 1s an N-type TFT having a
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drain node to serve as the first terminal thereol, a source
node to serve as the second terminal thereot, and a gate node
to serve as the control terminal thereof. In some embodi-
ments, the data-setting switch (Md4) may be an N-type
MOSFET integrated with the compensation circuit 4 and the
data line driving circuit (D) in the drniver IC chip. In this
embodiment, switching of the data-setting switch (M4) 1s
precisely controlled at specific time points 1n time domain,
such that the driving transistor (M1) operates in the sub-
threshold region. FIG. 3 1s a plot illustrating characteristic
curves ol P-type LIPS TFTs of a display device with a
definition of 300 pp1 (pixels per inch), where drain currents
of the TFTs are between 107° A and 10~ A when the TFTs
operate 1n the subthreshold region.

The compensation circuit 4 1s coupled to the control
terminal of the data-setting switch (M4), 1s coupled to the
pixel units 3 of the corresponding brightness compensation
circuitry 2 for recerving the driving current (I ;) generated by
the pixel driving circuit 30 of each of the pixel units 3, and
outputs a switch signal (V_ ) to the control terminal of the
data-setting switch (M4) to control the data-setting switch
(M4) to conduct or not conduct by determining whether or
not a magnitude of the driving current (I,) thus received
conforms with a criterion that 1s associated with target
brightness of one of the pixel units 3 of which the pixel
driving circuit 30 generates the driving current (I,) thus
received.

In this embodiment, the compensation circuit 4 imncludes
a current-to-voltage converter 5 and a comparator. The
current-to-voltage converter 5 1s coupled to the second
terminal of the compensation switch (M2) of each of the
pixel units 3 of the corresponding brightness compensation
circuitry 2 for receiving the driving current (I ) therefrom,
and 1s configured to convert the driving current (I ) thus
received into a sensing voltage (V__ ). In this embodiment,

SERSE

the current-to-voltage converter 5 includes two operational
amplifiers (OP1, OP2) and three resistors (R1, R2, R3).
The operational amplifier (OP1) has a first mput (-,
referring to an inverting 1put) coupled to the second ter-
minal of the compensation switch (M2), a grounded second
input (+, referring to a non-inverting input) and an output.
The resistor (R1) 1s coupled between the first input (-) and
the output of the operational amplifier (OP1). The resistor
(R2) has a first terminal, and a second terminal coupled to
the output of the operational amplifier (OP1). The opera-
tional amplifier (OP2) has a first input (-) coupled to the first
terminal of the resistor (R2), a grounded second mnput (+),
and an output at which the sensing voltage (V) 1s
outputted. The resistor (R3) 1s coupled between the first
input (-) and the output of the operational amplifier (OP2).
In this embodiment, the comparator 1s implemented using,
an operational amplifier (OP3) that has a first mput (-)
coupled to the current-to-voltage converter S for receiving
the sensing voltage (V__ ) therefrom, a second input (+)
receiving the data voltage (V , . ) associated with the target
brightness, and an output coupled to the control terminal of
the data-setting switch (M4) for providing the switch signal
(V. ) thereto. The comparator compares the sensing voltage
(V__...) and the data voltage (V. ), and controls the
data-setting switch (M4) to not conduct when the sensing
voltage (V__, ) 1s equal to the data voltage (V , . ), and to
conduct when the sensing voltage (V__ ) has not reached

the data voltage (V. ). In this embodiment, a negative
teedback formed by the operational amplifier (OP2) and the

resistor (R3) increases a voltage outputted by the operational
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amplifier (OP1), facilitating adjustment of the driving cur-
rent (I,) to a desired magnitude by using the data voltage

(V dara)-

As an example, 1t 1s assumed that each of the resistors
(R1, R2) has a resistance value of R, and the resistor (R3)
has a resistance value of NxR, which means that a closed-
loop gain of the negative feedback formed by the operational
amplifier (OP2) and the resistor (R3) 1s N. When the sensing
voltage (V_ . ) 1s equal to the data voltage (V , . ) (1.e.,
V =1 xRxN), the driving current (I ;) that 1s provided by
the driving transistor (M1) operating in the subthreshold
region may be set to have a desired value according to
I =V, /(RxN). Therefore, with the data voltage (V. )
being provided by the data line driving circuit (D) and fixing
of the value of R, the driving current (I ;) may be precisely
set even 1f the threshold voltage and the mobility of the
driving transistor (M1) change.

FIG. 4 1s a timing diagram to illustrate a method for
control of the pixel unit 3, the compensation circuit 4 and the
data-setting switch (M4) by exemplarily performing four
consecutive data-input operations on the pixel unit 3. It 1s
noted that the timing diagram in FIG. 4 1s obtained by
simulation that focuses on interaction of the signals (V, .
Voo Vaawar Vsenser Vsw) during a ramp-up period of the
data-input signal (V,, ), so the signal variation during a
ramp-down period of the data-input signal (V,,, ) may be
different in real practice, and a voltage waveiorm on the scan
line (SL) 1s omitted in FIG. 4. The method uses the com-
pensation circuit 4 to sense the driving current (I ;) generated
by the driving transistor (M1), and precisely controls timing
of cutting off of the rise of the driving current (1), thereby
obtaining the desired target brightness of the OLED, and
controlling the driving transistor (M1) to operate in the
subthreshold region.

The abovementioned method may include the following
steps.

Step (a): Belore every data-input period, the data line
driving circuit (D) mitially provides the data voltage (V . )
with a high voltage level which 1s higher than the sensing
voltage (V__, _ ), so that the switch signal (V _ ) generated by
the comparator causes the data-setting switch (M4) to con-
duct. It 1s noted that, this step 1s optional, and 1s omitted 1n
this embodiment (not shown 1 FIG. 4).

Step (b): The data-setting switch (M4) conducts, and
transmits the data-setting signal (V,,,, ) that is provided by
the data line driving circuit (D) to the second terminal
thereolf. It 1s noted that, in this embodiment, a voltage of the
data-setting signal (V,,,,,,,) 1s designed to linearly increase at
a predetermined slope from a predetermined voltage level
during a time period in which a voltage level (V__._ ) on the
scan line (SL) 1s high (1.e., the voltage level causing the
compensation switch (M2) and the data-input switch (M3) to
conduct), and to vary within a predetermined voltage range
that causes the driving transistor (M1) (with and without
probable threshold voltage drift) to operate in the subthresh-
old region and that has a tolerance of +/-0.5V, but this
disclosure 1s not limited thereto. In practice, this method
may also apply such that the driving transistor (M1) operates
in the saturation region through proper design of the data-
setting signal (V,,,,...).

Step (¢): The scan line driving circuit (S) adjusts the
voltage level (V___ ) on the scan line (SL) to cause the
compensation switch (M2) and the data-input switch (M3) to
conduct, so that the data-setting signal (V,,,,,) 1s provided to
the control terminal of the drniving transistor (M2) and 1s
stored 1n the pixel capacitor (C). The voltage (V,) at the
control terminal of the driving transistor (M1) varies with
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the data-setting signal (V,,,, ), and the driving transistor
(M1) generates the driving current (I ;) that varies with the
data-setting signal (V,,,, ) (and also the voltage (V_)) and
that flows to the compensation circuit 4 through the com-
pensation switch (M2). At thus time, since the second
terminal of the driving transistor (M1) 1s coupled to a virtual
ground of the operational amplifier (OP1) through the com-
pensation switch (M2), the light-emitting component 31
may be reverse-biased or have equal potentials between the
anode and the cathode thereot, and the driving current (I )
does not flow through the light-emitting component 31.

Step (d): The current-to-voltage converter 5 converts the
driving current (I ;) into the sensing voltage (V__, ) which
has a magnmitude proportional to the magnitude of the driving,
current (I ).

Step (e): The data line driving circuit (D) provides the
data voltage (V , . ) associated with/corresponding to the
desired target brightness of the pixel unit 3, and the com-
parator controls the data-setting switch (M4) to not conduct
when the sensing voltage (V__ ) 1s equal to or higher than
the data voltage (V ,,,,,). Then, the voltage (V) 1s locked to
a voltage of the data-setting signal (V,,,,,) at the time that
the data-setting switch (M4) 1s switched to be non-conduct-
ing.

Step (1): The scan line driving circuit (S) adjusts the
voltage level (V_. ) on the scan line (SL) to cause the
compensation switch (M2) and the data-input switch (M3) to
not conduct when the data-setting signal (V,,,, ) reaches a
maximum value. In other words, the voltage level on the
scan line (SL) has an on-period equaling a ramp-up period
of the data-setting signal (V,,,,) in practice. Then, the
driving transistor (M1) may stably operate in the subthresh-
old region and provide the driving current (I,) to the
light-emitting component 31 according to the voltage (V)
which 1s locked in step (e).

In this embodiment, the pixel driving circuits 30, the
compensation switches (M2), and the data-setting switches
(M4) are fabricated using a thin-film process for a panel
glass, while the compensation circuit 4 1s fabricated using a

semiconductor process for a silicon wafer, so as to avoid

erroneous outputs of the compensation circuit 4 from drift of

TFT characteristics, which may result 1n incorrect switching
timings for the data-setting switches (M4).

Referring to FIG. 5, a first variation of the current-to-
voltage converter 5 of the compensation circuit 4 1s shown
to use a diode (D1) to replace the resistor (R1) of the original
embodiment (see FI1G. 2), where the diode (D1) has an anode
and a cathode respectively coupled to the first input (-) and
the output of the operational amplifier (OP1). Since the
driving current (I ;) 1s so small that, when the resistor (R1)
1s used, the resistance value of the resistor (R1) may need to
be sufliciently large for facilitating control of the data
voltage (V , . ). However, a resistor (R1) with a large
resistance may have a problem in characteristic matching,
with the dniving transistor (M1). Matching between the
driving transistor (M1) and the compensation circuit 4 may
be efliciently enhanced by replacing the resistor (R1) of the
original embodiment with the diode (D1), and a required
magnitude of the data voltage (V , . ) may also thus be
reduced.

FIG. 6 shows a simulation result of the embodiment
having the first vanation of the compensation circuit 4,
where a cycle of the data-setting signal (V) 1s 16 ps, the
data voltage (V. ) 1s set to 5.5V (not shown), the switch
signal (V_ ) 1s set at 10V to continuously turn on the
data-setting switch (M4), a voltage range of the data-setting
signal (V) 1s from 2V to 6V, a voltage range of the
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voltage (V) 1s from 2V to 6V, and a voltage range of the
sensing voltage (V__ ) 1s from 2V to 5V.

Referring to FIG. 7, a second variation of the current-to-
voltage converter 5 of the compensation circuit 4 1s shown
to use a diode (D2) and a resistor (R4) that are coupled in
series 1o replace the diode (D1) of the first variation (see
FIG. 5). Although the diode (D1) of the first variation may
cllectively resolve a problem that may occur when the
driving current (I ;) talls within low-current compensation
region, the diode (D1) 1s unable to match the TFTs of the
pixel umt 3 in characteristics when the driving current (1 )
1s large. In the second variation, by virtue of the resistor (R4)
coupled 1n series to the diode (D2), in a low-current region,
the diode (D2) may serve as a large resistor, while the
resistor (R4) becomes 1nsignificant since resistance thereof
1s much smaller than that of the diode (D2), and output
characteristics of the current-to-voltage converter 5 1s
mainly determined by the diode (D2). On the other hand,
when the dniving current (I,) 1s large, the resistor (R4)
cannot be 1gnored since the diode (D2) acts as a short circuit,
and the output characteristics of the current-to-voltage con-
verter 5 1s mainly determined by the resistor (R4) at this
time. Accordingly, problems resulting from matching
between the TFTs and the compensation circuit 4 may be
turther resolved.

FIG. 8 shows a simulation result of the embodiment
having the second variation of the compensation circuit 4,
where the data voltage (V , . )1s setto 5.5V (not shown), the
switch signal (V_ ) 1s set at 10V to continuously turn on the
data-setting switch (M4), the voltage range of the data-
setting signal (V,,,,) 1s from 2V to 6V, the voltage range of
the voltage (V,) 1s from 2V to 6V, and the voltage range of
the sensing voltage (V__ ) 1s from 2V to 5V.

Referring to FIG. 9, a third variation of the current-to-
voltage converter 5 of the compensation circuit 4 1s shown
to have the operational amplifier (OP2) and the resistors (R2,
R3) omitted 1n comparison with the second variation (see
FIG. 7), where a voltage at the output of the operational
amplifier (OP1) serves as the sensing voltage (V__ ), and
the first mput of the comparator (1mplemented using the
operational amplifier (OP3)) i1s coupled to the output of the
operational amplifier (OP1). Correspondingly, the data-set-
ting switch (M4) 1s implemented using a P-type MOSFET 1n
this vanation. Since the use of the diode (D2) and the resistor
(R4) may eflectively convert and amplity the driving current
(I ), the operational amplifier (OP2) (see FIG. 7), which 1s
used for amplification of a signal outputted by the opera-
tional amplifier (OP1), may be omuitted.

Referring to FIG. 10, a fourth variation of the current-to-
voltage converter 5 of the compensation circuit 4 1s shown
to have the operational amplifier (OP2) and the resistors (R2,
R3) omitted in comparison with the original embodiment
(see FIG. 2).

FIG. 11 shows a simulation result of the embodiment
having the fourth variation of the compensation circuit 4,
where the data voltage (V, ) 1s set to OV (not shown), the
switch signal (V_ ) 1s set at 10V to continuously turn on the
data-setting switch (M4), the voltage range of the data-
setting signal (V,,,,) 1s from 2V to 6V, the voltage range of
the voltage (V,) 1s from 2V to 6V, and a waveform of the
sensing voltage (V__ _ ) 1s substantially complementary to

SEHSE

that of the voltage (V,), and varies between -2V and -5V.

FIG. 12 shows another simulation result of the embodi-
ment having the fourth vanation of the compensation circuit
4, where the data voltage (V , . ) 1s set to =3.5V (not shown),
the switch signal (V_, ) 1s switched between -3V and 10V,
the voltage range of the data-setting signal (V) 1s from
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2V to 6V, the voltage range of the voltage (V) 1s from 2V
to 6V, and the voltage range of the sensing voltage (V__ )
1s between -2V and -5V.

Referring to FIG. 13, a fifth vanation of the current-to-
voltage converter 5 of the compensation circuit 4 1s shown
to use a switching capacitor technique to mimic the char-
acteristics of the resistor (R1) of the fourth vanation (see
FIG. 10). In detail, the fifth vanation of the current-to-
voltage converter 5 includes an operational amplifier (OP1),
two switches (51, S2) and a capacitor (C1).

The operational amplifier (OP1) has a first mput (-)
coupled to the second terminal of the compensation switch
(M2), a grounded second input (+), and an output at which
the sensing voltage (V__, ) 1s outputted. The switch (S1) has
a first terminal coupled to the first mnput (-) of the opera-
tional amplifier (OP1), and a second terminal. The capacitor
(C1) 1s coupled between the second terminal of the switch
(S1) and the output of the operational amplifier (OP1). The
switch (S2) 1s coupled in parallel to the capacitor (C1), and
conduction and non-conduction thereol are complementary
to those of the switch (S1). By adjusting switching 1ire-
quency of the switches (S1, S2) to control charging-dis-
charging of the capacitor (C1), three different I-V (current to
voltage) characteristics may be realized as follows:

1. A stable switching frequency (1.e., a time period
between two consecutive switchings 1s constant) of the
switches (S1, S2) may realize an I-V characteristic of a
resistor.

2. A gradually reduced switching frequency (1.e., a time
period between two consecutive switchings 1s gradually
extended while a pulse-width for a single switching 1is
constant) of the switches (S1, S2) may realize an I-V
characteristic of a diode.

3. In a similar way, by properly adjusting the switching
frequency of the switches (S1, S2), an I-V characteristic of
a diode and a resistor that are coupled 1n series may be
realized.

FIG. 14 shows a simulation result of the embodiment
having the fifth variation of the compensation circuit 4,
where the data voltage (V , . ) 1s set to =4V (not shown), the
switch signal (V_, ) 1s constantly set at 10V, the voltage
range of the data-setting signal (V,,,,, ) 1s from 2V to 5V, the
voltage range of the voltage (V) 1s from 2V to 5V, and the
voltage range of the sensing voltage (V__ . ) 1s from OV to
-1V,

FI1G. 15 1llustrates a second implementation of the bright-
ness compensation circuitry 2' which differs from the bright-
ness compensation circuitry 2 (see FIG. 2) 1n that: each of
the transistors (M1-M4) 1s implemented using a P-type TFT
which has a source terminal, a drain terminal and a gate
terminal respectively serving as the first, second and control
terminals thereof; the pixel capacitor (C) 1s coupled between
the first and control terminals of the driving transistor (M1);
the data-setting switch unit 6 1s fabricated on the non-
conducting substrate, and further includes an inverter 60
which 1s coupled between the second terminal of the com-
pensation switch (M2) and the control terminal of the
data-setting switch (M4); and the brightness compensation
circuitry 2' includes a compensation circuit 4' which has a
circuit structure different from that of the compensation
circuit 4 (see FI1G. 2).

The compensation circuit 4' includes the current-to-volt-
age converter 5 and the comparator of the first implemen-
tation as shown in FIG. 2, and further includes an input-
output terminal 7 and a switch unit 8.

The mput-output terminal 7 1s coupled to the second
terminal of the compensation switch (M2) for recerving the
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driving current therefrom, and 1s coupled to a control
terminal of the data-setting switch unit 6, which 1s an input
terminal of the mverter 60, for controlling the data-setting
switch unit 6 to conduct or not conduct.

The switch unit 8 has a first terminal coupled to the
input-output terminal 7, a second terminal, and a control
terminal, and 1s configured to switch operation between a
first state where the switch unit 8 recerves the driving current
(I ) from the pixel unit 3 through the mput-output terminal
7, and makes electrical connection between the first and
second terminals thereof, and a second state where the
switch unit 8 controls the data-setting switch unit 6 to not
conduct through the mput-output terminal 7. In this 1imple-
mentation, the switch unit 8 includes switches (M5, M6).
The switch (M5S) 1s an N-type transistor that has a first
terminal serving as the first terminal of the switch unit 8 and
coupled to the mput-output terminal 7, a second terminal
disposed to receive a first bias voltage (V4,,<;) which 1s a
low level voltage, and a control terminal serving as the
control terminal of the switch unit 8. The switch (M6) 1s a

P-type transistor that has a first terminal coupled to the
input-output terminal 7, a second terminal serving as the
second terminal of the switch unit 8, and a control terminal
coupled to the control terminal of the switch (M5).

The current-to-voltage converter 5 1s coupled to the
second terminal of the switch unit 8 for receiving the driving,
current (I ) theretrom, and 1s configured to convert the
driving current (I ;) into a sensing voltage (V

SEHSE)'

The comparator (e.g., the operational amplifier (OP3)) 1s
disposed to receive the data voltage (V. ) associated with
the target brightness, 1s coupled to the current-to-voltage
converter 3 for recerving the sensing voltage (V__ ) there-
from, has an output terminal coupled to the control terminal
of the switch unit 8, and 1s configured to compare the sensing
voltage (V__, ) and the data voltage (V , . ) so as to control
the switch unit 8 to operate 1n one of the first and second
states. It 1s noted the operational amplifier (OP1) has a
non-inverting input recerving a second bias voltage (Vz,, o)
which 1s a high level voltage.

Further referring to FIG. 4, during the data-input period,
since the sensing voltage (V__ ) 1s smaller than the data
voltage (V , . ) at the beginning, the comparator controls the
switch unit 8 to operate in the first state so the switch (M6)
conducts, the driving current (I ;) flows into the current-to-
voltage converter 5 through the compensation switch (M2),
the 1put-output terminal 7 and the switch (M6), and the
sensing voltage (V_, ..) thus approaches the data voltage
(V. ). In this duration, since the inverting input and the
non-inventing mput of the operational amplifier (OP1) are
virtually shorted together, the switch signal (V_ ) at the
input-output terminal 7 1s substantially equal to the second
bias voltage (V 5, ,-,), causing the data-setting switch (M4)
to conduct. When the sensing voltage (V__ _ ) has reached
the data voltage (V , . ), the comparator controls the switch
umt 8 to operate i the second state so the switch (MS)
conducts, and the switch signal (V_ ) 1s pulled down to the
first bias voltage (Vz,,< ), causing the data-setting switch
(M4) to not conduct.

In the second implementation of the brightness compen-
sation circuitry 2', since both the tlow of the driving current
(I ) mto the compensation circuit 4' and the control of the
data-setting switch unit 6 are realized through the same
input-output terminal 7, only one pin 1s required for a driver
IC to connect the compensation circuit 4' to each data line
(DL), and all the data lines (DL) may receive the data-setting

signal (V___ ) from a common terminal, thereby reducing

Famp
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overall pin counts 1n comparison to the first implementation
of the brightness compensation circuitry 2 (see FIG. 2).

In practice, the data lines (DL) and the scan lines (SL)
may induce RC delay that influences transmission of the
data-setting signal (V,,,, ), and this RC delay 1ssue 1s more
severe for a large display panel. To overcome this 1ssue, two
approaches are itroduced as follows.

Referring to FIG. 16, 1 the first approach, the compen-
sation circuit 4' may further include a delay adjusting unit 9
configured to provide delay on signal transmission between
the output terminal of the comparator and the control
terminal of the switch unit 8, and a length of the delay 1s
associated with a distance between the input-output terminal
7 and the pixel unit 3 which corresponds to the compensa-
tion circuit 4' and of which the data-setting switch unit 6 1s
conducting. In practice, the delay adjusting unit 9 may be
implemented using variable resistors, and the resistance of
the variable resistors may be adjusted to provide longer
delay for the pixel unit 3 that 1s closer to the compensation
circuit 4', and to provide shorter delay for the pixel unit 3
that 1s farther from the compensation circuit 4'.

Referring to FIG. 17, 1n the second approach, additional
dummy scan line (SL ;) 1s added to torm a predetermined
capacitance (C_,,, ) with each data line (DL), and 1s pro-
vided with a pulsation compensation signal (Vzecon,)- In
practice, the pulsation compensation signal (Vzc.,,,,) may
be provided by either the scan line driving circuit (S) or the
data line driving circuit (D) (see FIG. 1) as desired, and this
disclosure 1s limited to such. The pulsation compensation
signal (Vgeeo,,,) has a pulse magnitude varying with a
distance between the mput-output terminal 7 and one of the
scan lines (SL) which 1s driven. Duration of each of the
pulses of the pulsation compensation signal (Vz.,,,,) may
be between a first time point after the data-setting switch
(M4) transitions to non-conducting, and a second time point
alter the data-input switch (M3) coupled to the scan line
(SL) transitions to non-conducting. FIG. 18 1s a timing
diagram that exemplifies the second approach. As shown 1n
FIG. 18, the voltage (V ) 1s expected to have a voltage level
of V, after the data-input period 1t there 1s no RC delay.
However, the capacitance and resistance along the data line
(DL) may delay transition of the data-setting switch (M4)
from ON to OFF by a delay time (t ), causing the voltage
(V) to reach a voltage level of V, which 1s higher than V.
Theretore, the compensation signal (Vzee,,,,) transitions
from a high voltage level to a compensation voltage level,
which 1s lower than the high voltage level, after the data-
setting switch (M4) 1s OFF for coupling the voltage (V ;)
down to V,, and transitions back to the high voltage level
alter the data-input switch (M3) 1s OFF for preventing
undesired voltage coupling to the voltage (V7). It 1s noted
that, for the brightness compensation circuitry 2', the com-
pensation voltage level 1s relatively higher for the pixel unit
3 that 1s closer to the compensation circuit 4' due to shorter
RC delay, and 1s relatively lower for the pixel unit 3 that 1s
tarther from the compensation circuit 4' due to longer RC
delay. In addition, 1n FIG. 17, the brightness compensation
circuitry 2' may further include a transistor (M7) between
the mput-output terminal 7 and the second terminal of the
compensation switch (M2) with a control terminal coupled
to the control terminal of the data-setting switch (M4) for
enhancing control of the data-setting switch unmit 6. In
summary, the disclosure may achieve the following advan-
tageous etlects:

1. Through use of the compensation circuit 4, 4' and the
data-setting switch (M4), the driving transistor (M1) may be
precisely controlled in the time domain such that the driving,
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transistor (M1) operates 1n the subthreshold region and thus
has a smaller driving current (I ,), thereby satistying reduced
current requirement for display panels of small size and high
definition, and resolving a problem of high power consump-
tion resulting from the driving transistor operating in the
saturation region.

2. The pixel unit 3 includes only three transistors and a
capacitor to drive the light emitting component, so devel-
opment toward high aspect ratio and high definition may be
relatively easier.

3. By virtue of current compensation implemented by the
compensation circuit 4, 4' and the data-setting switch (M4),
the driving current (I ;) may be precisely set as desired even
i the threshold voltage of the driving transistor (M1) driits
or the mobility of the driving transistor (M1) changes due to
degradation.

4. The compensation circuit 4, 4' 1s fabricated using the
semiconductor process for silicon wafers, thereby prevent-
ing problems of erroneous driving current settings from
characteristic driits of TFTs.

In the description above, for the purposes of explanation,
numerous specific details have been set forth 1 order to
provide a thorough understanding of the embodiment(s). It
will be apparent, however, to one skilled in the art, that one
or more other embodiments may be practiced without some
of these specific details. It should also be appreciated that
reference throughout this specification to “one embodi-
ment,” “an embodiment,” an embodiment with an indication
of an ordinal number and so forth means that a particular
feature, structure, or characteristic may be included in the
practice of the disclosure. It should be further appreciated
that 1n the description, various Ieatures are sometimes
grouped together 1n a single embodiment, figure, or descrip-
tion thereof for the purpose of streamliming the disclosure
and aiding 1n the understanding of various inventive aspects.

While the disclosure has been described in connection
with what 1s (are) considered the exemplary embodiment(s),
it 1s understood that this disclosure 1s not limited to the
disclosed embodiment(s) but 1s mtended to cover various
arrangements included within the spirit and scope of the
broadest interpretation so as to encompass all such modifi-
cations and equivalent arrangements.

While exemplary embodiments are described above, 1t 1s
not intended that these embodiments describe all possible
forms of the invention. Rather, the words used in the
specification are words of description rather than limitation,
and 1t 1s understood that various changes may be made
without departing from the spirit and scope of the invention.
Additionally, the features of various implementing embodi-
ments may be combined to form further embodiments of the
invention.

What 1s claimed 1s:

1. A brightness compensation circuitry, comprising:

a data-setting switch unit having a first terminal disposed
to receive a data-setting signal, a second terminal, and
a control terminal, said data-setting switch unit being
configured to transmit the data-setting signal from said
first terminal to said second terminal thereof when
conducting;

a pixel unit including a pixel driving circuit that 1s coupled
to said second terminal of said data-setting switch unat,
and that 1s configured to receive the data-setting signal
from said second terminal of said data-setting switch
unit during a data-input period, and to generate a
driving current according to the data-setting signal thus
recerved; and
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a compensation circuit coupled to said control terminal of

said data-setting switch unit, coupled to said pixel unit
for receiving the driving current generated by said pixel
driving circuit, and configured to control said data-
setting switch unit to conduct or not conduct by deter-
mining whether or not a magnitude of the driving
current conforms with a criterion that 1s associated with
target brightness of said pixel unit;

wherein said compensation circuit includes:

a current-to-voltage converter coupled to said pixel unit
for recerving the driving current generated by said
pixel driving circuit, and configured to convert the
driving current into a sensing voltage; and

a comparator disposed to receive a data voltage asso-
clated with the target brightness, coupled to said
current-to-voltage converter for receiving the sens-
ing voltage therefrom, having an output terminal
coupled to said control terminal of said data-setting
switch unit, and configured to compare the sensing
voltage and the data voltage, and to control said
data-setting switch unit to not conduct when the
sensing voltage 1s equal to the data voltage.

2. The brightness compensation circuitry of claim 1,
wherein said pixel unit further includes a compensation
switch having a first terminal coupled to said pixel driving
circuit for receiving the driving current therefrom, and a
second terminal coupled to said compensation circuit, and
configured to make or break electrical connection between
said first and second terminals thereof.

3. The brnightness compensation circuitry of claim 2,
wherein said pixel unit further includes a light emitting
component coupled to said pixel driving circuit for receiving
the driving current therefrom, and configured to emit light
according to the driving current thus received.

4. The brightness compensation circuitry of claim 2,
wherein said current-to-voltage converter includes:

a first operational amplifier having a first imnput coupled to
said second terminal of said compensation switch, a
second 1nput, and an output;

a first resistor coupled between said first input and said
output of said first operational amplifier;

a second resistor having a first terminal, and a second
terminal coupled to said output of said first operational
amplifier;

a second operational amplifier having a first input coupled
to said first terminal of said second resistor, a second
iput, and an output at which the sensing voltage is
outputted; and

a third resistor coupled between said first input and said
output of said second operational amplifier.

5. The brightness compensation circuitry of claim 2,
wherein said comparator includes an operational amplifier
having a first input coupled to said current-to-voltage con-
verter to receive the sensing voltage therefrom, a second
iput disposed to receive the data voltage, and an output
serving as said output terminal of said comparator.

6. The brightness compensation circuitry of claim 2,
wherein said current-to-voltage converter includes:

a first operational amplifier having a first imnput coupled to
said second terminal of said compensation switch, a
second 1nput, and an output;

a diode having an anode and a cathode respectively
coupled to said first input and said output of said first
operational amplifier;

a second resistor having a first terminal, and a second
terminal coupled to said output of said first operational
amplifier;
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a second operational amplifier having a first input coupled
to said first terminal of said second resistor, a second
input, and an output at which the sensing voltage is
outputted; and

a third resistor coupled between said first input and said
output of said second operational amplifier.

7. The brnightness compensation circuitry of claim 2,

wherein said current-to-voltage converter includes:

a first operational amplifier having a first input coupled to
said second terminal of said compensation switch, a
second 1nput, and an output;

a {irst resistor and a diode coupled 1n series between said
first mput and said output of said first operational
amplifier;

a second resistor having a first terminal, and a second
terminal coupled to said output of said first operational
amplifier;

a second operational amplifier having a first input coupled
to said first terminal of said second resistor, a second
input, and an output at which the sensing voltage is
outputted; and

a third resistor coupled between said first input and said
output of said second operational amplifier.

8. The brightness compensation circuitry of claim 2,

wherein said current-to-voltage converter includes:

an operational amplifier having a first input coupled to
said second terminal of said compensation switch, a
second mput, and an output at which the sensing
voltage 1s outputted; and

a resistor and a diode coupled 1n series between said first
iput and said output of said operational amplifier.

9. The bnightness compensation circuitry of claim 2,

wherein said current-to-voltage converter icludes:

an operational amplifier having a first input coupled to
said second terminal of said compensation switch, a
second input, and an output at which the sensing
voltage 1s outputted; and

a resistor coupled between said first input and said output
of said operational amplifier.

10. The brightness compensation circuitry of claim 2,

wherein said current-to-voltage converter includes:

an operational amplifier having a first input coupled to
said second terminal of said compensation switch, a
second input, and an output at which the sensing
voltage 1s outputted;

a first switch having a first terminal coupled to said first
iput of said operational amplifier, and a second ter-
minal;

a capacitor coupled between said second terminal of said
first switch and said output of said operational ampli-
fier; and

a second switch coupled in parallel to said capacitor;

wherein conduction and non-conduction of said first

switch are complementary to those of said second
switch.

11. A brightness compensation circuitry, comprising:

a data-setting switch unit having a first terminal disposed
to receive a data-setting signal, a second terminal, and
a control terminal, said data-setting switch unit being
configured to transmit the data-setting signal from said
first terminal to said second terminal thereof when
conducting;

a pixel unit including a pixel driving circuit that 1s coupled
to said second terminal of said data-setting switch unat,
and that 1s configured to receive the data-setting signal
from said second terminal of said data-setting switch
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umt during a data-input period, and to generate a
driving current according to the data-setting signal thus
recetved; and

a compensation circuit coupled to said control terminal of

16

receive the data-setting signal from said second termi-
nal of said data-setting switch unit during a data-input
period 1n which the respective one of said scan lines 1s
driven and said data-setting switch unit 1s conducting,

said data-setting switch unit, coupled to said pixel unit 5 and to generate a driving current according to the
for receiving the driving current generated by said pixel data-setting signal thus received;
driving circuit, and configured to control said data- a compensation circuit coupled to said control terminal of
setting switch unit to conduct or not conduct by deter- said data-setting switch unit, coupled to said pixel units
mining whether or not a magnitude of the driving for receiving the driving current generated by said pixel
current conforms with a criterion that 1s associated with 10 driving circuit of each of said pixel units, and config-
target brightness of said pixel unit; ured to control said data-setting switch unit to conduct
wherein said pixel unit further includes a compensation or not conduct by determining whether or not a mag-
switch having a first terminal coupled to said pixel nitude of the driving current thus received conforms
driving circuit for receiving the driving current there- with a criterion that 1s associated with target brightness
from, and a second terminal coupled to said compen- 15 of one of said pixel units of which said pixel driving
sation circuit, and configured to make or break electri- circuit generates the driving current thus received; and
cal connection between said first and second terminals a dummy scan line that 1s parallel to said scan lines, that
thereof; and forms a predetermined capacitance with each of said
wherein said compensation circuit includes: data lines, and that 1s disposed to receive a pulsation
an mput-output terminal coupled to said second termi- 20 compensation signal, wherein the pulsation compensa-

nal of said compensation switch for receiving the
driving current therefrom, and coupled to said con-
trol terminal of said data-setting switch unit for

tion signal has a pause magnitude varying with a
distance between said input-output terminal and one of
said scan lines which 1s driven.

controlling said data-setting switch unit to conduct 14. The display device of claim 13, wherein each of said
or not conduct; 25 pixel units further includes a compensation switch having a
a switch unit having a first terminal coupled to said first terminal coupled to said pixel driving circuit for receiv-
input-output terminal, a second terminal, and a con- ing the driving current therefrom, and a second terminal
trol terminal, and configured to switch operation coupled to said compensation circuit for providing the
between a first state where said switch unit receives driving current thereto, and configured to make or break
the driving current from said pixel unit through said 30 electrical connection between said first and second terminals
input-output terminal, and makes electrical connec- thereof.
tion between said first and second terminals thereof, 15. The display device of claim 14, wherein said com-
and a second state where said switch unit controls pensation circuit of each of said brightness compensation
said data-setting switch unit to not conduct through circuitries includes:
said mput-output terminal; 35  a current-to-voltage converter coupled to said second

a current-to-voltage converter coupled to said second
terminal of said switch unit for receiving the driving
current therefrom, and configured to convert the
driving current 1mnto a sensing voltage; and

terminal of said compensation switch of each of said

pixel units of a respective one of said brightness
compensation circuitries for receiving the driving cur-
rent therefrom, and configured to convert the driving

a comparator disposed to receive a data voltage asso- 40 current thus received into a sensing voltage; and
ciated with the target brightness, coupled to said a comparator disposed to receive a data voltage associated
current-to-voltage converter for receiving the sens- with the target brightness, coupled to said current-to-
ing voltage therefrom, having an output terminal voltage converter for receiving the sensing voltage
coupled to said control terminal of said switch unat, therefrom, having an output terminal coupled to said
and configured to compare the sensing voltage and 45 control terminal of said data-setting switch unit, and

the data voltage so as to control said switch unit to
operate 1 one of the first and second states.

configured to compare the sensing voltage and the data
voltage so as to control said data-setting switch unit to

12. The brightness compensation circuitry of claim 1, conduct or not conduct.
wherein said compensation circuit 1s fabricated using a 16. The display device of claim 14, wherein said com-
semiconductor process of silicon waters. 50 pensation circuit of each of said brightness compensation

13. A display device, comprising: circuitries includes:

a plurality of scan lines disposed along a row direction; an mput-output terminal coupled to said second terminal

a plurality of data lines disposed along a column direction of said compensation switch of each of said pixel units
that 1s transverse to the row direction; and of a respective one of said brightness compensation

a plurality of brightness compensation circuitries respec- 55 circuitries for receiving the driving current therefrom,
tively corresponding to said data lines, each of said and coupled to said control terminal of said data-setting,
brightness compensation circuitries including: switch unit for controlling said data-setting switch unit

a data-setting switch unit having a first terminal disposed to conduct or not conduct;
to receive a data-setting signal, a second terminal a switch unit having a first terminal coupled to said
coupled to the corresponding one of said data lines, and 60 input-output terminal, a second terminal, and a control
a control terminal, and configured to transmit the terminal, and configured to switch operation between a
data-setting signal from said first terminal to said first state where said switch unit receives the driving
second terminal thereof when conducting; current from said pixel unit through said iput-output

a plurality of pixel units respectively coupled to said scan terminal, and makes electrical connection between said
lines, each of said pixel units including a pixel dnving 65 first and second terminals thereof, and a second state
circuit that 1s coupled to said second terminal of said where said switch unit controls said data-setting switch
data-setting switch unit, and that i1s configured to unit to not conduct through said input-output terminal;
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a current-to-voltage converter coupled to said second
terminal of said switch unit for receiving the driving
current therefrom, and configured to convert the driv-
ing current into a sensing voltage; and

a comparator disposed to recerve a data voltage associated
with the target brightness, coupled to said current-to-
voltage converter for receiving the sensing voltage
therefrom, having an output terminal coupled to said
control terminal of said switch unit, and configured to
compare the sensing voltage and the data voltage so as
to control said switch unit to operate in one of the first
and second states.

17. The display device of claim 16, further comprising a
non-conducting substrate on which said scan lines, said data
lines, and said data-setting switch unit of each of said
brightness compensation circuitries are formed.

18. The display device of claim 16, wherein said com-
pensation circuit further includes a delay adjusting umit
coupled between said output terminal of said comparator
and said control terminal of said switch unit, and configured
to provide delay on signal transmission between the said
terminal of said comparator and said control terminal of said
switch unit, a length of the delay being associated with a
distance between said input-output terminal and one of said

pixel units of which said data-setting switch unit 1s conduct-
ng.
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